Abstract SUM1 (sea urchin myogenic factor 1) is a sea urchin homologue of the myogenic basic helix-loop-helix transcription factors of the MyoD family. SUM1 was initially cloned from Lytechinus variegatus where immunocytochemistry demonstrated restricted expression in precursors of the circumesophageal muscles, the only identi®ed muscle cells in the early embryo. Subsequent in situ hybridization analysis indicates that SUM1 embryonic expression is not restricted to the myogenic lineage; a distinct population of nonmyogenic cells also expresses SUM1. For comparative purposes, we cloned the SUM1 orthologue in the distantly related sea urchin, Strongylocentrotus purpuratus, where we found SpSUM1 transcripts in the same population of nonmyogenic cells. q
Results
In studies designed to understand the earliest events of myogenic determination and differentiation in the sea urchin embryo we determined that precursors of the circumesophageal muscles are speci®ed along the myogenic pathway as early as midgastrulation (Venuti et al., 1993) . These experiments used isolated vegetal plates cultured in vitro and assayed for the expression of the muscle differentiation marker myosin heavy chain (MHC; Wessel et al., 1990) . Isolates prepared prior to midgastrulation did not express MHC, whereas isolates from slightly later gastrulae expressed MHC with temporal and spatial patterns reminiscent of the circumesophageal muscles in the intact embryo (Venuti et al., 1993) .
To identify early molecular markers of myogenic determination we cloned a sea urchin homologue of the MyoD family of basic helix-loop-helix (bHLH) transcription factors from prism-stage Lytechinus variegatus embryos (Venuti et al., 1991) . This cDNA, called SUM1, for sea urchin myogenic factor 1, shared greater than 80% identity in the bHLH domain and between 50±60% overall identity with vertebrate myogenic bHLHs. L. variegatus SUM1 (LvSUM1) does not appear to be an orthologue of any speci®c vertebrate myogenic bHLH, i.e. it is not more closely related to one than another of the vertebrate MyoD proteins. LvSUM1 transcripts were expressed in embryos coincident with the ability of isolated myogenic precursors to differentiate in vitro (Venuti et al., 1991; Venuti et al., 1993) . Ectopic expression of LvSUM1 in mammalian ®bro-blasts converted these cells to skeletal muscle as ef®ciently as vertebrate myogenic bHLHs, suggesting LvSUM1 is a bona ®de myogenic determination gene (Venuti et al., 1991) . Whole mount immunocytochemical localization of LvSUM1 protein revealed transient expression in circumesophageal muscle precursors (Venuti et al., 1991) ; no other cells in the embryo were labeled.
In experiments designed to identify extracellular cues and cellular interactions that activate the myogenic program in sea urchin and other embryos we wished to use LvSUM1 as an indicator of commitment to the myogenic lineage. To ascertain the usefulness of LvSUM1 as a myogenic determination marker we analyzed LvSUM1 embryonic expression by whole mount in situ hybridization. When we examined LvSUM1 expression at different stages, we found transcripts in muscle precursors at the tip of the archenteron, and also in a ventrolateral cluster of ®ve to six cells on either side of the archenteron (Figs. 1A,B) . The cells at the tip of the archenteron give rise to circumesophageal muscles; these cells are also labeled by antiserum to LvSUM1 (Figs. 1E,F; Venuti et al., 1991) . In contrast, the ventrolateral cells are not known to be myogenic. They do not express MHC (Wessel et al., 1990; Venuti et al., 1991 Venuti et al., , 1993 or SUM1 protein when examined by immunocytochemistry (Figs. 1E,F; Venuti et al., 1991 Venuti et al., , 1993 , nor MHC transcripts when assayed by in situ hybridization ( Fig. 1C ; Wessel et al., 1990) .
The labeled ventrolateral cells are initially associated with the vertices of the developing skeletal rods (Fig.  1A,B) . As development proceeds, LvSUM1 transcripts are detected in cells in the larval arms (Fig. 1D) . To assure that antisense LvSUM1 cRNA was not recognizing other bHLH mRNAs, we used an antisense cRNA corresponding to the LvSUM1 3 H UTR and observed the same expression pattern (data not shown). No cells were labeled with probes to the corresponding LvSUM1 or MHC sense cRNAs.
To ascertain whether LvSUM1 transcript localization is representative of the sea urchin myogenic bHLH expression pattern, we cloned the Strongylocentrotus purpuratus orthologue of LvSUM1 (SpSUM1) from a gastrula cDNA library using a LvSUM1 probe. A partial cDNA with greater than 80% identity to LvSUM1 was isolated ( Fig. 2A) . We used this SpSUM1 cDNA to generate sense and antisense cRNAs for in situ hybridization with S. purpuratus embryos, and observed a similar expression pattern to that seen in L. variegatus. SpSUM1 is seen in muscle precursors at the tip of the archenteron (Fig. 2B ) and in ventrolateral cells in gastrulae (Fig. 2B,C) . In plutei, cells associated with skeletal rods are labeled in the anal arms, as was seen in L. variegatus (Fig. 2C) . The close association of SUM1-labeled cells with the vertices of the developing skeleton in early embryos and with skeletal rods in plutei suggests they are a subpopulation of primary mesenchyme cells (PMCs). PMCs are skeletogenic cells and have not been shown to give rise to muscle (Ettensohn and Ingersoll, 1992) . The absence of detectable SUM1 protein (Venuti et al., 1991) suggests post-transcriptional regulation of the sea urchin myogenic bHLHs may occur in these cells. In addition, if these cells are muscle stem cells they would be expected to express muscle markers later in development, but we have not observed MHC expression in these cells at any time (Wessel et al., 1990; Venuti et al., 1991 Venuti et al., , 1993 . Using immunocytochemistry, we observe a variety of MHCexpressing cells elsewhere in the larva, including cells in the developing water vascular system, cells in the apex of the embryo, and the lip retractor muscles of the oral hood (data not shown). Whether these additional MHC-positive cell populations express SUM1 and deploy the same myogenic differentiation program as the circumesophageal muscle of the early embryo remains to be determined.
Methods

In situ hybridization
Sea urchin adults and embryos were cultured as described previously (Venuti et al., 1991 (Venuti et al., , 1993 . Embryos were processed for in situ hybridization as described in Ransick et al. (1993) .
cDNA cloning
A S. purpuratus gastrula cDNA library was screened with a 32 P-labeled 1.9 kb LvSUM1 EcoR1 fragment. A 1.3 KB cDNA was isolated, sequenced, and used to synthesize RNA probes for in situ hybridization. Sequence comparisons were made using BLAST (NCBI, National Library of Medicine).
Immunocytochemistry
Embryos were labeled with anti-LvSUM1 polyclonal antibody as described in Venuti et al. (1991) . Fig. 2 . The S. purpuratus homologue of LvSUM-1, SpSUM-1, is also expressed in non-myogenic cells of the embryo. The partial SpSUM1 cDNA sequence begins at position 329 of the LvSUM1 sequence and corresponds to 661 bp of coding and 647 bp of 3 H UTR. The deduced amino acid sequence of SpSUM1 (A) shows 93% identity and 95% similarity to the LvSUM1 sequence (differences shown in red). SpSUM1 transcripts are detected initially in midgastrulae (B) in presumptive muscle (arrow) and ventrolateral cells (arrowheads). In the pluteus (C), transcripts are detected in anal arm cells (arrowheads) and circumesophageal muscles (arrow).
